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Abstract
Recent metamaterial (MM) research faces several problems when using metal-
based plasmonic components as building blocks for MMs. The use of con-
ventional metals for MMs is limited by several factors: metals such as gold
and silver have high losses in the visible and near-infrared (NIR) ranges and
very large negative real permittivity values, and in addition, their optical
properties cannot be tuned. These issues that put severe constraints on the
device applications of MMs could be overcome if semiconductors are used
as plasmonic materials instead of metals. Heavily doped, wide bandgap ox-
ide semiconductors could exhibit both a small negative real permittivity and
relatively small losses in the NIR. Heavily doped oxides of zinc and indium
were already reported to be good, low loss alternatives to metals in the NIR
range. Here, we consider these transparent conducting oxides (TCOs) as al-
ternative plasmonic materials for many specific applications ranging from
surface-plasmon-polariton waveguides to MMs with hyperbolic dispersion
and epsilon-near-zero (ENZ) materials. We show that TCOs outperform
conventional metals for ENZ and other MM-applications in the NIR.
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1. Introduction
Plasmonics and the recent birth of metamaterials (MMs) [1, 2] (for recent
reviews on optical metamaterials see, for example, [3, 4, 5]) and transforma-
tion optics (TO) [4, 6, 7] are currently driving the development of a family of
novel devices with unprecedented functionalities ranging from subwavelength
plasmonic waveguides and optical nanoresonators [8, 9, 10, 11] to superlenses
[2], hyperlenses [12, 13] and light concentrators [14]. For plasmonic systems,
metals have traditionally been the material of choice due to their ability to
support collective oscillations of free electrons (called plasmons) and thereby,
enabling the unique property of focusing light down to the nanoscale. How-
ever, as plasmonic devices operate at increasingly higher frequencies in the
optical and telecommunications ranges, they begin to suffer from high losses
arising in part from interband electronic transitions in the metals [15]. Even
the metals with the highest conductivities (like silver and gold) suffer from
large losses at optical frequencies [15]. These losses are detrimental to the
performance of plasmonic devices, seriously limiting the feasibility of many
plasmonic applications.
Currently, the best-known solution to the problem of losses is to use gain
medium as a host material, thereby providing a means to compensate for the
losses inherent to the plasmonic structures [16, 17, 18, 19]. It has been re-
cently realized that energy can be transferred from a gain material to surface
plasmons in metal nanostructures using stimulated emission. Unfortunately,
even the largest gain provided by existing active materials is only barely
enough to compensate losses in plasmonic materials (see for example [20]).
However, if the plasmonic material losses could be reduced by a factor of two
or three, the losses could be completely compensated by the gain medium.
Another limitation when using conventional metals for the plasmonic
building blocks of MM devices is a negative real part of permittivity that is
too large in the near-infrared (NIR) range and at telecommunication wave-
length of 1.55 µm. Large negative values of real permittivity (ǫ′) seriously
limit the realization of TO devices because such devices often require similar
magnitudes of ǫ′ for their plasmonic and dielectric components [14]. Di-
electrics at optical frequencies have permittivity values on the order of 1,
while for metals it is on the order of 10 or more. Thus, conventional metals
are typically not good choices for many TO-based applications. Hence, de-
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vices such as hyperlens were realized only in the UV range [21].
Because of large losses and large magnitude of ǫ′ inherent to the conven-
tional plasmonic materials such as noble metals, it is clear that alternative
plasmonic materials must be developed for practical applications of plas-
monic and MM systems. Recently, we conducted a comprehensive study of
various plasmonic materials including metals, metal alloys and heavily doped
semiconductors evaluating the performance of each material for different plas-
monic applications and outlining important aspects of their fabrication [22].
We showed that transparent conducting oxides (TCOs) such as aluminum
zinc oxide (AZO), indium tin oxide (ITO) and gallium zinc oxide (GZO)
are good candidates as plasmonic materials in the NIR range because they
exhibit smaller losses and small negative ǫ′ values in the NIR [22, 23]. TCOs
can be doped much higher than many other semiconductors (such as sili-
con) which gives them metal-like optical properties in the NIR. Plasmonic
applications with TCOs were demonstrated with ITO in the NIR [24, 25].
However, there are no such reports on AZO. Hence, we briefly report the
challenges involved in developing AZO as a plasmonic material in the NIR.
AZO, GZO and ITO, together as TCOs, were recognized as good alternative
plasmonic material candidates [22]. However, the design of specific plas-
monic devices and the assessment of their performances are not reported.
In this paper, we provide a comparative quantitative assessment of the per-
formances of specific plasmonic MM-devices with TCOs as their plasmonic
components rather than the conventional plasmonic metals. Our comparative
study focuses on the following classes of devices: surface-plasmon-polariton
(SPP) waveguides, localized surface plasmon resonance (LSPR) applications,
hyperbolic metamaterials (HMM), TO devices and epsilon-near-zero (ENZ)
applications.
2. Development of Al:ZnO as a plasmonic material in the NIR
Zinc oxide and indium oxide have large solid-solubilities for dopants (Al,
Ga in ZnO and Sn in In2O3) which enables high levels of doping [26]. Large
doping can result in high carrier concentration (≈ 1021cm−3) which is essen-
tial for achieving negative ǫ′ in the NIR. Reaching such high carrier concen-
tration is non-trivial due to several factors, such as the presence of defects in
the material [27]. Zinc oxide and indium oxides are non-stoichiometric oxides
having high defect densities at room temperature. The deposition conditions
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of these oxide semiconductors significantly influence the defect structures and
thus impact their optical properties [28, 29, 25].
Indium tin oxide (ITO) was demonstrated as a plasmonic material for
wavelengths longer than 1.3 µm [24, 30]. However, ITO has some drawbacks
when compared to AZO. ITO typically forms amorphous films resulting in
higher carrier scattering. AZO, on the other hand, forms polycrystalline
films which exhibit higher carrier mobility and smaller optical losses than
ITO [31, 32]. Another drawback is that indium oxide is quite expensive due
to limited natural reserves of indium. Due in part to these issues, recent
research on TCOs has shifted the focus from ITO to AZO.
a) b)
Figure 1: Dielectric function of pulsed laser deposited Al:ZnO films retrieved by ellip-
sometry measurements. The films were deposited with aluminum doping of 3.0 wt% on
c-sapphire substrates at deposition temperatures of 100 oC and 150 oC. One of the films
deposited at 150 oC was subjected to forming gas anneal at 300 oC for 2 hours.
High quality AZO films can be produced by sputtering or laser ablation
(also called pulsed laser deposition (PLD)) deposition techniques [33]. In our
studies, we deposited AZO films by the PLD technique where high energy
laser pulses from a KrF excimer laser ablates aluminum oxide and zinc oxide
targets. The films are deposited at 100 oC and 150 oC in oxygen ambient on
c-sapphire substrates. One of films was subjected to post-deposition anneal
in 4:10 H2 : N2 ambient at 300
oC for 2 hours. The films are optically
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characterized using a variable angle spectroscopic ellipsometer (J.A. Woollam
Co.). Figures 1a and 1b show the dielectric function retrieved for AZO films
with different processing conditions. The properties of the films are quite
sensitive to the deposition and annealing conditions. Figures 1a and 1b
show that lower deposition temperature decreases crossover wavelength (the
wavelength at which ǫ′ crosses zero) slightly but, increases damping losses.
Annealing makes doping less efficient and renders AZO films less metallic
in the NIR. In order to render AZO films metallic at 1.55 µm wavelength,
the cross-over wavelength should decrease further. This could be possible
by increasing the doping efficiency which might require modifications to the
deposition scheme such as ablating single target only. More details about
the process optimization are provided in [34, 35].
3. Comparative study
In this section, we quantitatively assess TCOs as alternate plasmonic
materials in terms of their performance in various applications. Specifically,
we compare AZO as a plasmonic material against conventional metals for
NIR applications including SPP-waveguides, LSPR-applications, hyperbolic
metamaterials, TO-devices and ENZ materials. For our comparison, we use
the optical data for metals from Johnson and Christy [15], and that for AZO
is obtained from theoretical calculations based on data in Ref. [29, 22].
3.1. SPP applications
Carefully designed and fabricated TCOs could exhibit negative ǫ′ in the
NIR and hence, could be used for SPP waveguide applications. Consider
a single interface of metal or TCO and air/vacuum. The SPP propagating
on this interface has a 1/e propagation length given by δL = 1/Im{βSPP},
where βSPP is the SPP-propagation constant. The mode size δW is given by
Eq. 3.1, where δD and δm are the 1/e field decay lengths in the dielectric
and metal, respectively, and ǫD and ǫm are the permittivity values of the
dielectric and metal, respectively [36].
δW =
{
δD for|ǫm| > eǫD
δD + δDln(eǫD/|ǫm|) for|ǫm| < eǫD
(1)
Figures 2a and 2b show the mode size and propagation length of the
single interface SPP waveguide for gold, silver and a typical TCO. Clearly,
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Figure 2: (a) Mode size and (b) propagation length of SPP on single interface: Au/air,
Ag/air and TCO/air waveguide
TCOs offer an order of magnitude better confinement than gold or silver for
such SPP-waveguides in the NIR range. However, the propagation length for
TCO/air SPP-waveguide is nearly two orders smaller than that for gold or
silver waveguides. Thus, there exists a trade-off between propagation length
and confinement. This trade-off is captured in Fig. 3 where the quality fac-
tor of 1D waveguides, M1D1 = δL/δW [36] is plotted for TCO, gold and silver
waveguides. The quality factor in the NIR is about an order of magnitude
larger in the case of silver and gold waveguides than that for TCOs. This im-
plies that for the same propagation length, metal waveguides could provide
better confinement than an TCO waveguide. This fact can be appreciated
better by considering a metal-air-metal gap waveguide (MIM waveguide [37])
with a 300 nm air gap. The mode size of this waveguide in the NIR is es-
sentially 300 nm (the same as with an TCO/air single interface waveguide).
However, the propagation lengths of the lowest order long-range mode (see
Fig. 4) in silver and gold waveguides are about an order higher than that
in single interface TCO/air waveguide and more than an order higher than
in an TCO/air/TCO waveguide. Thus, TCOs are not good replacements for
metals in the NIR for standard SPP applications.
Though TCOs are not better than noble metals for SPP waveguiding
applications, they could have niche applications involving SPPs such as in
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Figure 3: Quality factor of single interface (Au/air, Ag/air, TCO/air) SPP-waveguide
showing the trade-offs between propagation length and mode confinement
SPP-based chemical sensing. TCOs are known to be good for gas sensing
because they can oxidize many gaseous chemicals, thereby modulating the
TCO-carrier concentration [38]. A change in the carrier concentration alters
the dielectric function [30], which in turn sharply changes the surface plasmon
resonance (SPR) conditions. Thus, highly sensitive SPR-based gas sensing
could be an application where plasmonic TCOs could be employed. In such
applications, propagation length of the SPP waveguide formed by TCOs
could be improved by adopting an insulator-TCO-insulator geometry (IMI
waveguide [39]). Figure 5 shows the propagation length of the lowest order
long-range SPP mode in air/AZO/air waveguide with a 100 nm AZO film.
The propagation length is large enough to enable many niche applications
such as SPP-based gas sensing.
3.2. LSPR applications
Localized SP resonances in metallic nanospheres are used in many appli-
cations, such as sensing [10]. Silver and gold nanoparticles were demonstrated
to have LSPR modes at blue and green wavelengths, respectively [40]. How-
ever, the resonances of these spherical metal nanoparticles are limited only
to the visible spectrum. For longer wavelengths in the NIR, nanospheres of
TCO nanoparticles could be efficient [41]. The quality factor of the resonance
of spherical nanoparticles is −ǫ′
m
/ǫm” [22]. Using this expression, the quality
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Figure 4: Propagation length of the lowest order long-range SPP mode on metal-air-metal
gap waveguide with gap size of 300 nm
factor of silver nanospheres turns out to be about 6 at a wavelength of 400
nm. Similarly, gold nanospheres have LSPR quality factors of about 4.5 at
wavelengths near 500 nm, and TCO nanoparticles have a quality factor of
about 2.4 at a wavelength of 2 µm. Though TCOs have slightly lower qual-
ity factors, they enable LSPR applications in the NIR. Adopting a nanoshell
structure for metals (Au or Ag) also enables LSPR applications in the NIR
with larger quality factors [42]. However, TCO nanospheres might offer easier
fabrication of plasmonic structures than metal nanoshells for LSPR applica-
tions in the NIR.
3.3. Hyperbolic metamaterials
Hyperbolic metamaterials (HMMs) are receiving great attention currently
due to their special properties. HMMs can be used as hyperlens devices
for sub-diffraction imaging since they support the propagation of extremely
high-k waves [12, 21]. Recently, HMMs were shown to exhibit a broadband
singularity in the photonic density of states [43]. This phenomenon is very
useful in applications such as single-photon guns because HMMs can enor-
mously increase the spontaneous emission rate of fluorophores [44]. All of
these properties arise from the hyperbolic dispersion exhibited by such ma-
terials.
One of the easiest ways of achieving hyperbolic dispersion is to stack many
sub-wavelength, alternating layers of dielectric and metal [12]. In the effective
medium approximation, such layered stack produces in-plane permittivity
8
1.4 1.6 1.8 2
10
0
10
1
10
2
10
3
P
ro
p
g
a
ti
o
n
 l
e
n
g
th
 (
 μ
m
)
Wavelength (μm)
Figure 5: Propagation length of the lowest order long-range SPP mode on air/AZO/air
waveguide with AZO thickness of 100 nm
(ǫ‖) and out-of-plane permittivity (ǫ⊥) of different signs. This is the basis of
producing hyperbolic dispersion. In reality, such a hyperbolic metamaterial
would suffer from large losses due to the losses in the constituent metal. Min-
imizing the losses by optimizing the choice of materials and the design of the
HMM are crucial steps in achieving reasonable performance of HMM-based
devices. The performance of HMM devices can be quantified based on the
figure-of-merit (FOM) as suggested in Ref. [45]: FOM = Re{k⊥}/Im{k⊥}.
Adopting this definition of the FOM for HMMs, in Fig. 6 we show the HMM
figure-of-merit for four different metal/dielectric layered systems: polycrys-
talline AZO/ZnO, single-crystal AZO/ZnO, Ag/Al2O3 (used in [21]) and
Au/Al2O3. Clearly, the system based on zinc oxide significantly outperforms
the metal-based system in the NIR. Note that, in reference to [23], the FOM
of any metal/dielectric layered system in the NIR is almost zero. Therefore,
based on the FOM, TCO-based HMMs are more attractive in the NIR than
metal-based HMM designs. Thus, TCOs are valuable in enabling HMM ap-
plications in the NIR and the ever-important telecommunication wavelength.
3.4. Transformation Optics and ENZ applications
As mentioned before, for a practical and efficient design of TO-devices, the
real permittivity of the metallic components must be of the same order as that
of dielectric components [6, 14]. Since none of the traditional metals satisfy
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Figure 6: Figure-of-merit of hyperbolic metamaterial made from sub-wavelength, alter-
nating layers of metal and dielectric materials: polycrystalline AZO/ZnO, single crystal
AZO/ZnO, Au/Al2O3 and Ag/Al2O3
this condition in the NIR, these metals are not good plasmonic candidates
for TO applications. However, TCOs are ideally suited for TO applications
because their losses are smaller than conventional plasmonic metals and their
real permittivity values are negative and small in the NIR.
The realization of ENZ devices requires materials with both low loss and
small real permittivity. ENZ applications were originally proposed by En-
gheta et al. [46] in 2006 and were later developed to include many novel
functionalities such as providing optical isolation between nano-optical cir-
cuit elements [47], enhancing the directivity of nano-radiators [48] and pro-
ducing bulk impedance-matched materials [49]. Many dielectrics that have
ǫ-crossover points in the THz were identified as potential materials [49]. How-
ever, TCOs have ǫ-crossover points in the NIR, meaning these materials could
behave as ENZ materials in this range. The refractive index is a good pa-
rameter to indicate the effectiveness of these materials for ENZ applications.
Figure 7 shows the refractive index (n = n’ + in”) of AZO in the NIR. The
real part of the index goes as low as 0.2, while the imaginary part is about
1.5. Though these losses are not yet low enough, the real index is quite small
and could enable some ENZ applications. Epsilon-zero materials are known
to transmit only normally incident waves [49]. However, ENZ materials have
a non-zero acceptance angle. With n’ = 0.2, a λ/10 slab of AZO would have
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Figure 7: Refractive index (n = n’ + in”) of AZO in the NIR: n’ reaches as low as 0.2
where ENZ applications could be possible.
an acceptance angle (∆θ/2, see Eq. 6 of Ref. [49]) of about 18o. This sug-
gests that AZO as an ENZ-shield would be a leaky insulator between two
nanophotonic circuit elements but, with a small leakage [47].
4. Conclusions
With the rapid development of the metamaterial field, it is clear that
there is not a single plasmonic material that can be used as a suitable build-
ing block for all applications and at all frequencies. Currently, the appli-
cations of metamaterial-based devices are limited to the low-loss regions of
available metals, which are far away from the important telecommunication
wavelength. With the open-ended problem of losses in many plasmonic and
metamaterial devices that are based on silver and gold, we have proposed al-
ternative plasmonic materials based on conductive oxides that can be used for
a new class of optical metamaterials. Aluminum zinc oxide is a low-loss, plas-
monic material in the NIR with losses that are nearly five times smaller than
those in silver. In this work, we assessed aluminum zinc oxide as an alterna-
tive plasmonic material in terms of its suitability for device applications in
the NIR. Even though conventional metal outperforms the conducting oxides
for SPP-waveguiding and LSPR applications, transparent conducting oxides
can be invaluable in the realization of hyperbolic metamaterials, transfor-
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mation optics and epsilon-near-zero devices in the NIR wavelength range.
Thus, transparent conducting oxides hold the promise of real-life metamate-
rial applications and helping to unravel the interesting physical phenomena
in a new generation of metamaterial and transformation-optics devices [50].
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